The simulated diurnal cycles of surface pressure and CAPE were weak compared to observations. All the schemes produced too much cloudiness over the Southeast for July 1993 which reduced surface solar radiation and thus daytime peak warming at the surface. The model's criteria for onset of moist convection appear to be too weak, so moist convection in the model starts too early and occurs too often with all the three schemes.
Higgins et al. [1996] created a gridded 31-year (1963-
In this study we analyze the thermally driven diurnal and semidiurnal cycles in surface pressure fields and the associated continental-scale convergence. We also examine the diurnal cycles of atmospheric static instability and the low-level circulation fields using the Na- In section 2 we describe the various data sets and the analysis methods we used in this study, including a summary of the model simulations. In section 3 we present the results from the analysis of observational data. The model results are discussed in section 4. In section 5 we summarize the results and discuss the implications.
Data and Analysis Methods

Hourly Precipitation Data
The observational data of hourly precipitation used in this study are from Higgins et al. [1996] , in the form of a gridded (2.5 ø longitude by 2.0 ø latitude) data set derived from quality-controlled station records from about 2500 United States stations. It covers the period from January 1, 1963 to December 31, 1993 (data for 1994 are incomplete and thus not used in this study). More details, including the gridding method, can be found in the work of Higgins et al. [1996] . Although hourly precipitation is extremely variable in space and time, the gridded data can still be used for examining the large-scale features of precipitation diurnal cycle over the United States and for evaluating model precipitation fields.
We first computed the seasonal averages of hourly precipitation amount, frequency, and intensity and then applied the following three methods to analyze the diurnal cycle in these quantities: (1) to fit the hourly data with multiple harmonics and determine the diurnal amplitude and phase based on the 24-hour harmonic, (2) to fit the hourly data with multiple harmonics and determine the maximum and preferred time of occurrence (i.e., the mean solar local time (LST) at which the maximum value occurs) based on the fitted curve, and (3) to directly examine the hourly data to determine the maximum and the preferred time. Method i is similar to that used by Wallace [1975] . Tests showed that the three methods produce comparable results in terms of capturing the maximum and the preferred time. In this paper we present results from only the third method, mainly because diurnal curves of precipitation differ greatly from simple harmonics (compare Figure 2) . We temporally smoothed the hourly data by using a 3-point running mean prior to the diurnal analysis which makes the spatial patterns smoother (the magnitude of the amplitude changes only slightly). We also normalized the amplitude (equal to the maximum minus the 24-hour mean) by the 24-hour mean, as in the Wallace [1975] and other studies, and present the normalized amplitude as a percentage. For instance, a normalized amplitude of 50% would mean that the maximum value (which could be precipitation amount, frequency, or intensity) is 1.5 times the 24-hour mean. The normalized amplitude does not work well in the cases when the 24-hour mean is very small, such as in California during summer. Nevertheless, it provides a measure of the magnitude of the diurnal cycle relative to the 24-hour mean. We present the amplitude and the preferred time using vector plots in a fashion similar to those of Higgins et al. [1996] . The same analysis method was applied to the model-simulated hourly precipitation data.
We also tried to categorize the hourly data as light and heavy precipitation using various thresholds but failed to find significant differences between the categorized precipitation, presumably because the gridded (i.e., spatially averaged) hourly precipitation differs from station records so that conventional definitions of light (< 2.5 mm/h) and heavy (> 2.5 mm/h) precipitation [Wallace, 1975] are not applicable. We focus our analysis on the amount, frequency, and intensity of measurable precipitation (defined here as > 0.1 mm/h for the gridded precipitation).
Surface Pressure and Atmospheric
Circulation Data
The newly released 3 hourly surface pressure data set from the reanalysis generated with version i of the God- and Trenberth [1977] , suggesting that the data set is useful for our purpose (see Dai and Wang [1998] for more details).
The diurnal curves of surface pressure are fairly smooth [Trenberth, 1977] We used the 6 hourly NCEP/NCAR reanalysis data (temperature and humidity profiles of individual years) [Kalnay et al., 1996] The third convection scheme (referred to as the CCM3 scheme) is described by Zhang and McFarlane [1995] and is used in the NCAR Community Climate Model It should be pointed out that here we examined only the variability in the normalized (relative) amplitude.
The variability in the absolute amplitude of the diurnal cycle will be larger than that for the normalized amplitude because part of the (24-hour mean) precipitation variation has been removed by the normalization.
Physical Interpretation
Here we attempt to explain the strong diurnal cycle in summer precipitation over the Rockies, the Southeast, and the region east of the Rockies by examining the diurnal variations in atmospheric static instability, the solar-heating-induced large-scale convergence in the lower troposphere, and the vertical motions in the NCEP/NCAR reanalysis. The underlying assumption is that summer precipitation over the three regions results largely from convective rainfall, which is consistent with the significant correlation between summer rainfall amount .and atmospheric instability found by Peppler Figure 11 presents the observed and model-simulated precipitation frequency and intensity for the summer of 1993. In general, the model rains too frequently with lower than observed intensity, especially when the CCM3 scheme is used. The intensity of the Grell scheme compares more favorably with the observations, while the frequency is too high over the Northeast for both the Grell and the Kuo schemes.
The CCM3 scheme appears to have too much convective rainfall as a fraction of the total, while the Kuo scheme produces too little convective rainfall over the central and southeastern United States (Figure 12 ). Figure 13 shows that summer precipitation is episodic with sharp peaks that seldom last longer than a few hours. In that sense, the Grell scheme worked fairly well, while the CCM3 scheme produced precipitation patterns that often persisted several hours at lower than observed intensity. Figure 14 compares the observed and model-simulated diurnal cycles of precipitation amount during the sum- It becomes clear that in order for a model to correctly simulate the diurnal variations in summer precipitation, it has to simulate the moist convection properly in terms of both frequency and intefisity. As shown in the previous section, the occurrence of moist convection depends not only on the atmospheric static instability but also on the low-level convergence, which is closely related to the large-scale circulation field. Therefore in order for a cumulus convection scheme to work properly a model has to produce a realistic atmospheric circulation field, especially the convergence field, which is difficult to simulate precisely. Cumulus convection schemes may have 
Summary and Conclusions
We analyzed the 31-year ( convection occurs too frequently. This keeps the model atmosphere from building up high CAPE and prevents intense precipitation from occurring. The occurrence of moist convection depends on both CAPE and the low-level convergence, and these depend on scale interactions between the regional and the continental scales. The convergence is difficult to simulate correctly and the globally propagating semidiurnal tide is poorly handled by the regional model. The
RegCM simulations with the Grell and Kuo schemes had stronger than observed southwesterlies over the Great Plains which pushed the storm centers of July 1993 farther to the northeast. Our analysis suggests that for a climate model to correctly simulate the diurnal cycle in summer precipitation, it has to (1) properly simulate the regional and large-scale circulations, especially the low-level convergence field; (2) produce realistic cloud cover evolution and cloud optical thickness so that the diurnal cycle at the surface can be captured correctly; and (3) generate subgrid moist convection at the proper frequency and intensity so that the model atmosphere can maintain correct CAPE.
Climate models are usually tuned to produce the correct (monthly) mean amount of precipitation, but it is evident that they often get ghis right for the wrong reason. It seems that a necessary (but not sufficient) condition is to be able to simulate the diurnal cycle and the correct balance between intensity and frequency of occurrence. We recommend ghat more attention should be devoted to this aspect in model evaluation.
